ABSTRACT There were over 23,000 opioid overdose deaths in the USA in 2013, and opioidrelated mortality is increasing. Increased access to naloxone, particularly through community-based lay naloxone distribution, is a widely supported strategy to reduce opioid overdose mortality; however, little is known about the ecological and spatial patterns of the distribution and utilization of lay naloxone. This study aims to investigate the neighborhoodlevel correlates and spatial relationships of lay naloxone distribution and utilization and opioid overdose deaths. We determined the locations of lay naloxone distribution sites and the number of unintentional opioid overdose deaths and reported reversal events in San Francisco census tracts (n = 195) from 2010 to 2012. We used Wilcoxon rank-sum tests to compare census tract characteristics across tracts adjacent and not adjacent to distribution sites and multivariable negative binomial regression models to assess the association between census tract characteristics, including distance to the nearest site, and counts of opioid overdose deaths and naloxone reversal events. Three hundred forty-two opioid overdose deaths and 316 overdose reversals with valid location data were included in our analysis. Census tracts including or adjacent to a distribution site had higher income inequality, lower percentage black or African American residents, more drug arrests, higher population density, more overdose deaths, and more reversal events (all p G 0.05). In multivariable analysis, greater distance to the nearest distribution site (up to a distance of 4000 m) was associated with a lower count of Naloxone reversals [incidence rate ratio (IRR) = 0.51 per 500 m increase, 95% CI 0.39-0.67, p G 0.001] but was not significantly associated with opioid overdose deaths. These findings affirm that locating lay naloxone distribution sites in areas with high levels of substance use and overdose risk facilitates reversals of opioid overdoses in those immediate areas but suggests that alternative delivery methods may be necessary to reach individuals in other areas with less concentrated risk.
INTRODUCTION
The global prevalence of opioid use increased steadily from 2009 to 2014, and opioid dependence is the most important contributor to the global burden of disease from illicit drug dependence. 1, 2 In the USA, an estimated 25 million people initiated non-medical use of opioid analgesics between 2002 and 2011, and the age-adjusted mortality rate from drug poisoning more than doubled in the same period. 3, 4 Notwithstanding a slowing of the increases in abuse and mortality related to opioid analgesics in recent years, there has also been a 37 % annual increase in heroinrelated deaths from 2010 to 2013 and a total of over 23,000 opioid overdose deaths in 2013. 3, [5] [6] [7] In response to these global and domestic trends, the World Health Organization, American Medical Association, American Public Health Association, and others have recommended increased lay person access to naloxone, an opioid antagonist that reverses the effects of overdose, as a key strategy in reducing overdose-related mortality. [8] [9] [10] [11] [12] Whereas emergency medical services (EMS) are the primary source of naloxone access outside of hospitals, access for community bystanders continues to expand in the USA. 13, 14 In total, 36 states and the District of Columbia (D.C.) have passed laws to facilitate the prescription and distribution of naloxone. The last available census of community-based naloxone distribution programs reported 644 sites in 32 states and D.C. in 2013, up from 188 in 15 states and D.C. in 2010. 8, 15 A growing body of research has demonstrated the viability and effectiveness of community naloxone programs in training non-medical bystanders, distributing naloxone, and facilitating its use to reverse opioid overdoses. 8, [16] [17] [18] [19] [20] A wide range of physical and social characteristics of neighborhoods has been linked to substance use and overdose mortality and are theorized to operate through a variety of mechanisms. [21] [22] [23] [24] [25] Specifically, residents of lower income neighborhoods may be more likely to engage in substance use and be at higher risk of overdose as a result of limited access to health and social services, disproportionate psychosocial stress, and lower levels of social capital and social trust. [25] [26] [27] [28] [29] Income maldistribution may influence substance use behavior through underinvestment in social resources such as education and healthcare, or by eroding social capital, and promoting mistrust of authority and reluctance to seek medical help in cases of drug overdose. 22, 25, [30] [31] [32] [33] Greater police activity may heighten fear of arrest and result in reluctance to seek help when witnessing an overdose and may also drive substance use to more secluded and isolated areas, where overdoses may be less likely to be witnessed and victims less likely to receive medical attention. 23, [34] [35] [36] [37] [38] Population density may affect substance use and overdose risk through a higher degree of collective socialization within dense urban areas, in which the norms and activities of a social network influence individual behaviors. [39] [40] [41] [42] In addition, spatial analysis is increasingly used to examine critical public health issues in urban areas, including the location of HIV services, improper syringe disposal, and hotspots of high risk. [43] [44] [45] [46] [47] [48] [49] Despite this extensive body of research pertaining to substance use and overdose risk, no studies have assessed the relationship between neighborhood-level factors and lay naloxone distribution and little is known about the spatial patterns of the distribution and utilization of lay naloxone.
To build on existing overdose research and contribute to our understanding of community-based naloxone distribution, we assessed the neighborhood-level correlates of naloxone reversals and opioid overdose deaths, including proximity to naloxone distribution sites. We used data from the Drug Overdose Prevention Education (DOPE) Project, an overdose prevention and naloxone distribution program in San Francisco, California and the California Electronic Death Reporting System (CA-EDRS). Prior studies using these data sources have described DOPE Project participant demographics, refills, and reversals and explored spatial patterns of opioid overdose deaths, but this is the first study using these data to explore the neighborhood-level correlates and spatial relationships of lay naloxone distribution, utilization, and opioid overdose deaths.
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METHODS
Data Collection and Measures
Opioid Overdose Deaths The locations of all opioid overdose deaths in San Francisco between January 1, 2010 and December 31, 2012 were extracted from CA-EDRS using methods described elsewhere. 53 Cases were included if the death occurred within the City and County of San Francisco, and the cause of death included any illicit opiate (e.g., heroin, morphine) or synthetic or semi-synthetic opioid analgesic (e.g., methadone, oxycodone, fentanyl). Cases were excluded if the decedent was under 18 or if the primary cause of death did not include Bacute intoxication^or was determined to be intentional (i.e., suicide or homicide). Out-ofhospital deaths were mapped to their observed locations, and in-hospital deaths mapped to the decedent's San Francisco residence. Both were then geocoded using an ESRI ArcGIS address locator and in a final step mapped to census tracts. 54, 55 Naloxone Administration Events Naloxone administration events occurring in San Francisco between January 1, 2010 and December 31, 2012 were obtained from the DOPE Project. The DOPE Project provides brief overdose education and naloxone trainings and distributes 2-dose intranasal or injectable naloxone kits to individuals at needle exchange sites, re-entry programs, pain management clinics, opioid substitution treatment programs, and single room occupancy hotels (SROs). Participants who return to any DOPE site to obtain a new naloxone kit complete a questionnaire in which they report the date and nearest intersection of any event in which naloxone was administered on a suspected overdose victim (referred to here as a reversal) as well as the substances involved.
All reversals for which valid location data was available were geocoded, and the count of reversal events in each census tract was determined using the same methods as the overdose deaths.
DOPE Distribution Site Locations
The DOPE Project distributed naloxone from a total of 17 locations that had recurring distribution events during the study period. These sites were selected for naloxone distribution based on geocoding of heroin overdose deaths from 1997 to 1999 and later on perceived need. 52 Because naloxone was distributed from some sites infrequently or for only a small portion of the study period, this analysis only includes DOPE Project sites that provided trainings and naloxone distribution during more than 18 of the 36 months of the study period (n = 11). Locations for the sites included in our analysis, which distributed 87 % of the total number of naloxone kits distributed from all 17 sites during the study period, were obtained from DOPE Project distribution records and geocoded using the ESRI ArcGIS address locator. We classified all census tracts according to whether they included a distribution site or were adjacent to a census tract that did. Distance to the nearest DOPE Project site was calculated in meters from the census tract centroid.
Census Tract Characteristics Census tract socioeconomic status was measured by tract median income, and economic inequality was measured by tract Gini coefficient, both obtained from the 2009 to 2013 American Community Survey 5-Year Estimates. 56, 57 A Gini coefficient of zero represents perfect equality, and a coefficient of one represents maximal inequality; the overall value for San Francisco is 0.516. 56 To measure police activity, the number of drug arrests in each census tract was obtained using geocoded crime incident reports from the San Francisco Police Department between January 1, 2010 and December 31, 2012. 58 In addition to opioids, drug arrests can involve marijuana, cocaine, methamphetamine, and other controlled substances.
Consistent with a prior study assessing neighborhood correlates of overdose mortality as well as the disproportionate rate of opioid overdose mortality among African Americans in San Francisco, census tract racial composition was measured by the percentage of residents that identified as black or African American, as reported in Summary File 1 of the 2010 Census. 22, 53, 59 The total population of each census tract was obtained from the Summary File 1 of the 2010 Census. Population density was calculated by dividing the total census tract population by its area, calculated using ESRI ArcMap 10 (ESRI, Redlands, CA). 60 
Descriptive Statistics and Bivariate Analyses
Wilcoxon rank-sum tests were used to compare median income, Gini coefficient, number of drug arrests, percentage of black or African American residents, population density, and our two primary outcomes, overdose deaths, and naloxone reversal events, between census tracts including or adjacent to a naloxone distribution site and all other census tracts. We then used Kruskal-Wallis tests to assess unadjusted associations between census tract characteristics and our two outcomes.
We also assessed differences in the distance to the nearest DOPE Project site between census tracts that had at least one heroin-related overdose death and census tracts that had only non-heroin-related overdose deaths using a Wilcoxon rank-sum test.
Multivariable Analyses
With census tract as the unit of analysis, we used negative binomial regression models to examine the independent relationship between distance to nearest DOPE Project site and 1) the number of opioid overdose deaths and 2) the number of naloxone reversal events. We hypothesized that the primary driver of these events is the rate of opioid use, which was not directly measured. Thus, our models adjusted for available markers of that rate, specifically the characteristics assessed in our bivariate analysis, as well as population size.
We modeled the effect of distance to nearest DOPE Project site as piecewise linear with a change in slope at 4000 m, located using a non-parametric smoother. This approach provides separate estimates of the distance effect within and beyond 4000 m from a DOPE Project site. The specification of other covariate effects was determined using orthogonal contrasts to assess linearity across quartiles; those with no clear evidence (p 9 0.1) of non-linearity were included as continuous and otherwise as quartiles.
RESULTS
Opioid Overdose Deaths
There were 353 accidental opioid overdose deaths in San Francisco in the study period. Eleven (3 %) cases occurred in-hospital and the decedent was not a resident of San Francisco with a valid address so were excluded from analysis. The remaining 342 opioid overdose deaths were included in this analysis. Eighteen (5 %) of the included deaths occurred in-hospital and were linked to the decedent's address. Fig. 1a shows that while opioid overdose deaths were clustered around DOPE Project sites, they were nonetheless observed throughout the city.
Naloxone Reversal Events
There were 450 naloxone reversal events reported to DOPE Project sites in the study period. Of these, 316 (70 %) had valid location data and were included in our analysis; 99 (22 %) had missing or invalid location data, and 35 (8 %) occurred outside of San Francisco and were thus excluded from analysis. Fig. 1b shows that naloxone reversal events were primarily clustered near DOPE Project sites, with few reversal events occurring in other areas.
Descriptive Statistics and Bivariate Analyses
Of the 195 census tracts included in our analysis, 44 (23 %) had a DOPE Project distribution site or were adjacent to a census tract that had one (Table 1) . Those 44 census tracts had significantly higher income inequality and population density, lower percent black or African American residents, and more drug arrests, overdose deaths, and reversal events (all p G 0.05).
There was an average of 1.8 opioid overdose deaths per census tract in the study period ( Table 2 ). The mean number of overdose deaths declined across increasing quartiles of distance to nearest DOPE site and median income and increased across quartiles of Gini coefficient, number of drug arrests, percentage black or African American residents, and population density.
There was an average of 1.6 naloxone reversal events per census tract in the study period ( Table 2 ). The mean number of reversal events declined across increasing quartiles of distance to nearest DOPE site and median income and increased across quartiles of number of drug arrests, percentage black or African American residents, and population density.
Of the 119 census tracts that had at least one opioid overdose death, those that had at least one heroin-related overdose death were located significantly closer to DOPE Project sites compared to census tracts that had only non-heroin-related overdose deaths (Table 3) .
Multivariable Analyses
The results of our multivariable negative binomial regression models are shown in Tables 4 and 5 In the model for naloxone reversal events, distance to the nearest DOPE site (up to 4000 m) was independently associated with a 49 % lower count of naloxone 
DISCUSSION
Our analyses determined that DOPE project sites are located in and near census tracts with lower socioeconomic status, higher income inequality, more drug arrests, lower percent black or African American residents, higher population density, and more overdose deaths compared to the rest of San Francisco. After accounting for these census tract characteristics, we found strong evidence that proximity to DOPE Project distribution sites increased reversal events, which were clustered in census tracts including or adjacent to a site. In contrast, we found only weak evidence that proximity increased overdose mortality, which was more widely dispersed across the city. In addition, we found that heroin-related overdose deaths occurred in census tracts that were closer to DOPE Project sites than opioid overdose deaths that did not involve heroin. This is the first analysis to examine the census tract correlates and spatial relationships between naloxone distribution sites, opioid overdose deaths, and naloxone reversal events and has important implications for understanding current opioid overdose patterns and their relationship to lay naloxone access and utilization.
The DOPE Project locates its services and distributes naloxone in the census tracts with the highest numbers of opioid overdose deaths. Moreover, 76 % of opioid overdose deaths in San Francisco from 2010 to 2012 occurred in either the decedent's residence or the residence of a friend or family member, confirming that DOPE project sites are appropriately located to provide convenient services to those at highest risk for overdose. Geographic proximity of the target population to health care services has been shown to be an important driver of service utilization 61 ; for example, people who inject drugs who live closer to syringe exchange sites are more likely to use these services. 62 DOPE Project sites are also located in census tracts with lower income and higher levels of police activity, which have been associated with drug use and overdose mortality. 23, 25, 28 A prior analysis of data from the DOPE Project has shown that this communitybased naloxone distribution program facilitates large numbers of overdose reversals among high-risk populations. 51 However, Fig. 1a shows that while a large proportion of opioid overdose deaths occur close to naloxone distribution sites, many deaths occur in areas distant from these sites, possibly representing a distinct population not readily reached by traditional lay naloxone distribution. It has been previously shown that heroin is involved in the majority of DOPE Project reversals (90.3 % from 2010 to 2013), but only a small fraction of overdose deaths in San Francisco (9.4 % from 2010-2012), with the vast majority of overdose deaths involving prescription opioid analgesics. 51, 53 We also found that opioid overdose deaths that do not involve heroin tend to occur in census tracts farther from DOPE Project sites. Together, these findings may explain the fact that we found an independent association of proximity to a distribution site and reversal events but not overdose deaths. It is possible that users of opioids other than heroin that live in outlying areas are not being reached through community-based naloxone distribution as readily as heroin users in areas with historically endemic levels of substance use where DOPE Project sites are appropriately located. 52 In New York City, opioid analgesic overdose fatalities exhibit spatial patterns distinct from those related to heroin. 25 Nationally, the majority of naloxone reversals by laypersons target heroin overdoses, but the majority of opioid overdose deaths involve prescription analgesics, further suggesting that these findings may not be unique to San Francisco. 8 The strong positive associations between drug arrests, a marker of substance use, and both overdose mortality and naloxone reversals are consistent with prior research and further show that naloxone is being used in the census tracts with the greatest risk of overdose mortality. 23 These associations may also suggest that increased police activity directly influences overdose risk, perhaps by promoting higher risk drug use practices (e.g., rushed injections) or increasing reluctance to seek medical attention. Despite the utility of this marker of the community-level use of opioids, a reliable independent measure of opioid use is needed in order to better understand our findings related to police activity.
Lay naloxone distribution in San Francisco has demonstrated success in reaching individuals and facilitating overdose reversals in the high-risk areas where distribution sites are located, but additional methods may be needed to reach individuals at risk of opioid overdose who do not live near naloxone distribution sites, particularly those who use opioid analgesics. Limited resources for community-based naloxone distribution programs such as the DOPE Project, together with a lower concentration of overdose risk and service demand in these outlying areas, suggest that additional community-based distribution sites may not be appropriate for these areas. 8, 63 Current studies in San Francisco aim to assess the feasibility and acceptability of naloxone prescription programs at multi-provider primary care clinics in a safety net healthcare system, as well as an educational outreach program with the goal of increasing naloxone prescribing among medical providers (NIDA R21 DA036776; E. Behar, personal communication, October 5, 2015) . Both of these programs have the potential to facilitate broader distribution of naloxone throughout the city. In multiple states in the USA, models of pharmacybased naloxone distribution have leveraged the capacity of pharmacies and the skills of pharmacists to expand access to naloxone beyond those who are reached by community-based organizations. [64] [65] [66] Recent qualitative studies examining the feasibility of implementing naloxone prescription programs in both primary care and emergency department settings have found support among clinical staff but have also identified logistical, attitudinal, and knowledge barriers that would need to be addressed to enhance uptake among providers. 67, 68 Although primary care clinics, emergency departments, and pharmacies offer promising avenues for reaching opioid users at risk of overdose, additional research and pilot interventions are needed to reduce opioid overdose mortality among individuals not personally accessing or associated with individuals who access lay naloxone distribution services such as the DOPE Project.
This study has several limitations. First, reversal events are reported only by individuals who return to a DOPE Project site to obtain a naloxone refill. In addition, only 78 % of reported reversals had valid location data. These missing data could bias our findings if either obtaining a refill or having missing or invalid location data was associated with where the relevant reversal occurred. Another limitation is that our analysis only includes DOPE Project sites that distributed naloxone kits during more than half of the period under study; however, these sites accounted for the majority (87 %) of kits distributed from regularly scheduled sites. Also, geographic distance between census tract centroids and DOPE Project sites may not adequately reflect difficulty of access, in particular by public transportation. This study affirms that locating lay naloxone distribution sites in areas with high levels of substance use and overdose risk facilitates reversals of opioid overdoses in those immediate areas but suggests that alternative delivery methods may be necessary to reach individuals in other areas with less concentrated risk.
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